We describe a kinetic enzymic method for serum bicarbonate analysis, using wheat germ phosphoenolpyruvate carboxylase (EC 4.1.1.31) coupled through oxaloacetate reduction with NADH in the presence of malate dehydrogenase (EC 1.1.1.37). inhibition with potassium thiocyanate yielded firstorder kinetics with respect to bicarbonate over the concentration range of 0-45 mmol/L. The inhibitor was chosen by evaluating reaction data in the presence of different anions, with use of a monoexponential model. Criteria for first-order kinetics included a constant reaction half-life over the concentration range and SDe for the model comparable with the magnitude of spectrophotometric noise. We compared our kinetic method (y) with an automated ion-selective electrode method (4 obtaining the regression relationship y = 0.97x + 1.2 mmol/L (r = 0.991; n = 77; = 25.5 mmol/L; j = 25.3 mmol/L). Within-run precision from duplicates was 3.1% ( = 25.2 mmol/L; n = 72). Total analytical precision (n = 12) was 9.4% ( = 15 mmol/L) for the low control and 4.3% ( = 32 mmol/L) for the high control. We conclude that the kinetic assay allows use of large serum-to-reagent ratios (1:100) and smaller amounts of NADH than an equilibrium assay. The assay is suitable for automated kinetic analysis.
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The measurement of bicarbonate in serum is essential in the evaluation of acid-base disorders and has been measured by volumetric, manometric, colorimetric, and gaschromatographic methods (1) as well as by.ion-selective (2) and continuous-flow analysis
(3).
Enzymic methods are currently used in many discrete analyzers with use of the following coupled reactions (4) (13) . Here we describe a kinetic method for measuring bicarbonate by using coupled enzymic reactions with wheat germ as the source of PEPC, its Km (100-300 i.tmOl/L) being relatively higher than that of the maize enzyme (100 .imol/L) (13) . In developing this method, we had to identifr compounds that would modify the Km of the enzyme for bicarbonate and produce pseudo-first-order kinetics with respect to bicarbonate.
We used a monoexponential model to determine whether the reaction data fit pseudo-first-order kinetics in the presence of the potential inhibitors.
Materialsand Methods Materials
Reagents: PEPC (wheat germ, glycerol solution) and MPH (porcine heart, glycerol solution) were gifts from 
Procedures
Assay method. The Multistat ifi centrifugal analyzer and its loader (MCA; Instrumentation Laboratory, Lexington, MA 02173) were used in all of the assays as follows: the sample (3 jL), water diluent (22 /.LL),and reagent 2 (50 L) were loaded into the inner well of the rotor; reagent 1 (200 L) and its water diluent (25 L) were loaded into the outer well of the same rotor to give a total volume of 300 L. The rotor was transferred into the analyzer, incubated for 4 mm at 37 #{176}C, and centrifuged to mix the solutions; absorbance was read at 340 nm at 15-s intervals. We used the following MCA settings: program, absorbance/time; delay time, 3 5; interval time, 15 s; number of intervals, 32; filter code, 1 (340 nm); start mode, 2 (preincubation); temp code, 2 (37.0 #{176}C). The MCA cell pathlength is 0.5 cm.
The final concentrations of the components in the mixed solutions are as follows: PEPC (820 UIL), MPH (8200 UIL), 
Inc.).
The stability of reagent 1 (enzyme solution) was evaluated by preparing a volume of solution sufficient for at least five assay runs. We stored this solution at 2-8 #{176}C and removed the necessary amount for use in assays of standard solutions of HC03 at 0, 4, 18, 24, and 48 h. For each assay we used a freshly prepared solution of reagent 2. Standard curves were then plotted for each run and any differences in the slopes noted.
The stability of reagent 2 was evaluated by making up a volume of solution sufficient for five assay runs. We divided this solution into five equal pertions and stored them at 2-8 #{176}C. We used one solution at a time on each of five days to assay standard solutions of HC03, each time using a freshly preparedsolution of reagent 1. Standard curves were plotted for each assay and their slopes compared.
Interference study: Various concentrations of bilirubin (0, 23, 46, 91, 180, and 364 mg/L), hemoglobin (220, 450, 900, 1800, and 3600 mg/L), and triglycerides (310, 620, 1250, 2500, and 5000 mg/L) were added to each control, as described by Glick and Ryder (14) , and the solutions assayed.
Calculations: The absorbance of the reaction solution is taken every 15.s during an 8-mm assay run. The initial absorbance is subtracted from each time point for each sample. The change in absorbance at 60s is determined for each sample and the absorbance change of the blank for the same time period is subtracted. The bicarbonate concentration corresponding to each absorbance change is determined from a standard curve generated by linear regression of the data.
Data analysis: To determine whether a reaction follows first-order kinetics, we analyzed the reaction data (absorbance and the corresponding time) with the monoexponential equation:
where A0 is the initial absorbance, A,. is absorbance at infinite time (the value at equilibrium),
A is absorbance at any time t, and k is the rate constant.
The nonlinear least-squares program for fitting this monoexponential equation to the reaction data was written in BASIC (5) .
After fitting the reaction data, we obtained the half-life, and rate constant of the reaction. The SD squared is the sum of the squares of differences between the observed absorbance change (MOb) at every time point and the expected absorbance change (Mex) as predicted by the model, divided by (n -3): It thus serves as a measure of the goodness of fit of the reaction data to the first-order model.
Resufts
The A small SD implies a good fit of the data to the nonlinear regression model, and a constant t1,2 suggests that the enzyme reaction displays the same reaction kinetics over the concentration range of interest.
Using this screening process, we tested the compounds listed in Table 1 Figure 1 shows the progress curves for the reactions with and without KSCN present and compares the fit of the reaction data to the exponential model. In the absence of KSCN, the reaction exhibits almost zero-order kinetics, such that a straight line could be drawn through the points during the initial 60-s period, when the reaction is about 85% complete (y = 14.3x -70.7, r = 0.9992, SD =
9.3).
The reaction curve without the inhibitor does not fit the model, as evidenced by the large differences between the observed and estimated absorbances (large SDeat). In contrast, the reaction with KSCN shows pseudo-first-order kinetics, with the reaction curve exhibiting a constantly decreasing slope and good agreement between estimated and observed absorbances (small SD). In the presence of KSCN, the absorbance changes of the reaction at 340 nm taken at early time points (15, 30, and 60 8) are directly proportional to the HC03 concentration ( Figure 2A) . However, in the absence of KSCN, nonlinear data are obtained ( Figure 2B) , as indicated by the large SDe (Table 3 ). The small intercepts (2-7 mA) of the lines in Figure 2A are not statistically significant. For example, an intercept of 7.2 mA at 60s (Table 3) (Figure 3) . This result also indicates that the reaction kinetics are substantially the same over the given concentration range. In the presence of KSCN (80 mmollL) and sufficient NADH, it is possible to measure the HC03 concentration by using both kinetic and equilibrium data if we allow the reaction to reach near-equilibrium conditions. This provides an internal check on the accuracy of the measurements and verifies the correlation of kinetic and equilibrium data. Because the absorbance changes at an early time point and at equilibrium are taken from the same reaction, this particular approach circumvents any error that may have been introduced by pipetting, cuvette dofects, or HC03 concentration fluctuations. Linear correlation of the change in absorbance at 340 nm in both kinetic The reagent stability study is summarized in Table 5 . Reagent 1 (enzyme solution) was stable for at least 18 h, showing a decrease in standard curve slope of <5%. After 48 h, the standard curve slope decreased by 11.5%. Reagent 2, however, was found to be stable for at least five days, when capped and stored at 2-8 #{176}C. We noted no substantial difference in the slopes of the standard curves after five days when reagent 1 was freshly prepared just before analysis.
In the present method, the two reagents are loaded separately into two different wells of the MCA rotor and do not mix until centrifuged. This technique does not allow for pre-mixing of the two reagents and therefore
does not
remove any endogenous HC08 that may be present in the solution. However, this does not affect the measurements as long as the standard solutions used are prepared and stored similarly.
Pro-mixing of the two reagents before assaying serum samples may be carried out but precautions must be taken to prevent or minimize the uptake of CO2 from the air so that the NADH and PEP concentrations do not decrease appreciably and become limiting.
DIscussIon
Kinetic methods for measurement of bicarbonate in serum offer advantages over equilibrium methods. An equilibrium enzymic method requires a large reagent-to-sample volume ratio to measure bicarbonate over a wide range of concentrations and requires analyzers capable of high absorbance readings (low stray light and low spectrophotometric noise) because of the high initial absorbance of NAI)H. A kinetic method does not require a large reagentto-sample volume ratio, high-absorbance-reading analyz-
ers, or a high initial absorbance because one does not have to convert all HC03 to product: only the decrease in absorbance at early time points is needed to measure the total HC03 concentration. We have therefore developed an enzymic kinetic method based on the coupled reactions shown earlier, with wheat germ as the source for PEPC and KSCN as an inhibitor. Wheat germ PEPC has a low Km for HC03; however, the KSCN serves to increase the apparent Km and makes the observed enzyme kinetics more like pseudo-first-order kinetics with respect to HCO3-.
In developing this method, our primary goal was to find an inhibitor that would empirically produce first-order kinetics with respect to bicarbonate.
No major considerations were given to the mechanistic aspects of the inhibition. We screened for compounds that gave a low SD0 when the data were fitted to a nonlinear regression model (the monoexponential model), had a constant reaction halflife, and finally, produced a linear correlation between HC03 concentration in the serum and the decrease in absorbance of NADH at 340 nm over a wide range of concentrations (HCO3 0-60 mmol/L). In screening the compounds, the enzyme concentration, compound concentration, and the nature and concentration of the buffer were the major variables; we altered these one at a time to arrive at an optimum system. Because practical considerations prevented an exhaustive testing of all compounds, we focused on the compounds that showed the best screening results.
From the compounds that we tested (Table 1) , KSCN at 80 mmol/L final concentration best fit our criteria. Potassium perchlorate, potassium chlorate, and potassium iodide at 85,60, and 80 mmolfL (final concentration), respectively, also showed low model SDet values and relatively constant half-lives. However, we did not extensively test and apply these compounds for use with serum samples. Other compounds, e.g., potassium citrate, sodium nitrate, or sodium silicate, at the various concentrations we used in testing them, showed some inhibitory effects but did not produce first-order kinetics over the HCO3-concentration range of interest.
Potassium thiocyanate at 80 mmolJL final concentration provided the best first-order kinetic response over the widest HC03 concentration range. The SD of the nonlinear regression model and the half-life (Table 2) increased only slightly as the HC03 concentration increased. However, KSCN still does not fully meet our criteria for a competitive inhibitor:
we were unable to increase the standard curve linearity by increasing KSCN concentration, as would have been expected with a simple competitive inhibitor. We instead noted that the enzyme activity decreased at KSCN concentrations of 150-300 mmol/L. Perhaps KSCN modifies the enzyme conformation or results in some enzyme denaturation with consequent decrease in enzyme activity without increasing the linear range of the assay.
A kinetic first-order approach to measuring serum HC03 presents some practical advantages.
With a kinetic method, we can use less NADH. A starting absorbance of 0.6 (0.5-cm lightpath) at 340 nm is sufficient to measure the absorbance change at 60s for samples with HC03 of 45 to 50 mmol/L. A typical equilibrium method, in contrast, requires an initial absorbance of about 3.0 (1-cm lightpath) at 340 nm, with subsequent need to use a longer wavelength farther from the absorbance maximum. 
